Abstract. Opacification of the posterior capsule depends on replication of the residual lens epithelial cells lining the capsule. However, the mechanisms in the regulation of lens cell proliferation have not been determined. The purpose of this study is to examine the expression of p27(KIP1), a cyclindependent kinase inhibitor, and its phosphorylation, and cyclin D1 in lens epithelial cells after extraction of fiber cells. C57Bl6 mice (12 weeks old) were anesthetized, and the lens fiber cells were surgically extracted. Eyeballs were collected and fixed at 15 min and 24 h after extraction with and without injection of a specific phosphorylated extracellular signal-regulated kinase (pERK) 1/2 inhibitor (PD98059) to the anterior chamber. Collected tissues were analyzed using immunohistochemistry with anti-p27(KIP1), anti-phosphorylated p27(KIP1) on serine 10 (s10-phospho-p27) and cyclin D1 antibodies. Human lens epithelial cells were cultured, and then were treated with and without 40 ng/ml human recombinant basic fibroblast growth factor (bFGF), which was analyzed by Western blot analysis. In the untreated lens, p27(KIP1) was not phosphorylated in the lens epithelial cells, although p27(KIP1)-positive nuclei were detected in the lens cells of the equatorial region. Immunoreactivity for cyclin D1 was hardly detected in the lens. Nuclear immunoreactivity for p27(KIP1) and s10-phospho-p27 was observed in several lens cells of the equatorial region 15 min after extraction of fiber cells. Western blotting demonstrated that the p27(KIP1) phosphorylation form was upregulated 15 min after bFGF treatment in cultured lens epithelial cells. Many cyclin D1-positive nuclei were noted 24 h after the surgery. p27(KIP1) phosphorylation and cyclin D1 induction were inhibited by PD98059. s10-phospho-p27 and p27(KIP1) immunoreactivity was undetected in the lens cells 24 h after the extraction of fiber cells. It is possible that the phosphorylation of p27(KIP1), and cyclin D1 expression are regulated by the ERK pathway in lens cells after the extraction of fiber cells.
Introduction
Lens epithelial cells at the equatorial region continue proliferating and differentiating throughout life. The exquisitely regulated program of cell division, withdrawal from the cell cycle and differentiation into fibers is essential for lens formation and lens transparency (1) . Improper proliferation of lens epithelial cells after cataract surgery is causally related to posterior capsule opacification (PCO) (2, 3) . However, the mechanisms in the regulation of lens cell proliferation are still unclear.
Cell cycle progression is controlled by a series of kinase complexes composed of cyclins and cyclin-dependent kinases (CDKs) (4) . The enzymatic activities of cyclin/CDK complexes are regulated by many mechanisms that reflect both the diversity of the signals they integrate, and the central importance of their roles in cell cycle control. Cyclin D1 is one of the G1 cyclins, and is rapidly induced upon exposure of cells to mitogens (5) . On the other hand, the regulatory mechanisms include the actions of CDK inhibitors (CKIs) such as p27(KIP1) and p57(KIP2) (6, 7) . The elimination of p27(KIP1) during the late G1 phase is required for cell cycle progression from the G1 to the S phase in various cell lines (8) (9) (10) (11) . We have demonstrated that p27(KIP1) is involved in proliferation of cells in the retina, retinal pigment epithelium, the ciliary body and the cornea (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . We recently reported that immunoreactivity for p27(KIP1), but not p57(KIP2), was detected in murine adult lens epithelial cells (23) .
Previous studies indicated that posttranslational mechanisms regulated the expression level of p27(KIP1) protein (24) (25) (26) . The ubiquitin-mediated proteasome pathway was suggested to be involved in p27(KIP1) degradation in mammals (25) . The regulation of ubiquitin-mediated proteolysis is often achieved by phosphorylation of the target protein, which renders it more susceptible to degradation. It is reported that phosphorylation of p27(KIP1) on serine 10 induces p27(KIP1) degradation (27) , which can be regulated through the phosphorylation of extracellular signal-regulated kinase (pERK) 1/2 (17, 28, 29) . Proteasome-dependent degradation of p27(KIP1) was associated with the G1/S phase transition in human lens epithelial cells (1) . We recently demonstrated that degradation of p27(KIP1) led to the proliferation of retinal glial cells in vivo, which was suppressed by using pERK 1/2 inhibitor (17) .
In this study, we examined the phosphorylation of p27(KIP1), and cyclin D1 expression in lens epithelial cells after extraction of fiber cells. Moreover, the expression of other cell cycle-related molecules such as p21WAF1, cyclin E, p15, and p16, which is correlated with the regulation of G1/S phase transition was examined in murine lens epithelial cells (1, 30) .
Materials and methods

Animals and tissues.
All animal experiments conformed to the ARVO Resolution on the Use of Animals in Research. C57Bl6 mice were obtained from Hokudo Co. Ltd., Sapporo, Japan. Before the extraction of the lens nuclei, 12-week-old mice were anesthetized with an intraperitoneal injection of sodium pentobarbital after topical anesthesia with 0.4% oxybuprocaine. The limbal regions of the corneas and the equatorial regions of the lenses in the mouse eyes were excised using a razor blade (cat no. FA-10, Feather, Osaka, Japan). Then the lens fiber cells were extracted by pushing the limbus from the opposite side. The corneas were sutured with 11-0 nylon at the end of the surgery. After the surgery, ofloxacin ointment was applied to the eyes to avoid infection. The eyes showed no signs of infection when observed with a dissection microscope. Ten eyes were obtained from each group at 15 min and 24 h after the surgery, along with untreated eyes. Finally, they were fixed transcardially with 4% paraformaldehyde in 0.1 M borate buffer (pH 9.5) for 2 h and processed to prepare 10-mm-thick paraffin sections.
The mice were injected with 50 μmol PD98095, a specific ERK 1/2 inhibitor (31), into the anterior chamber just after the surgery, by introducing a 30 G needle between the sutures. The eyes were dissected 15 min or 24 h after the injection, and they were prepared for paraffin sectioning.
Immunohistochemistry. The slides were dewaxed, rehydrated, and rinsed in phosphate-buffered saline (PBS) twice and incubated with normal goat serum and then with the antip27(KIP1) antibody (dilution 1:100; Transduction Laboratories, Lexington, KY), anti-serine 10 phosphorylated p27(KIP1) (s10-phospho-p27) antibody (1:100), anti-cyclin D1 antibody (1:200), anti-p21 antibody (1:100), anti-cyclin E antibody (1:100), anti-p15 antibody (1:100), and anti-p16 antibody (1:100) (all from Santa Cruz Biotechnology, Santa Cruz, CA). Binding of the primary antisera was localized using FITC-conjugated goat anti-mouse IgG, donkey anti-goat IgG or goat anti-rabbit IgG (dilution 1:200; Jackson ImmunoResearch Laboratories Inc., West Grove, PA). For the negative control in each staining, serial sections without incubation with the primary antibody were incubated with the FITC-conjugated goat anti-mouse IgG. Nuclei were then stained with PBS containing 4'6-diamidino-2-phenylindole (DAPI) for 5 min. The slides were examined by laser scanning confocal microscopy (MRC-1024; Bio-Rad, Richmond, CA; and LSM 510; Carl Zeiss, Oberkochen, Germany).
Cell culture of human lens epithelial cells. Human lens epithelial cells (B-3) transformed with an adenovirus 12-SV40 virus hybrid (Ad12-SV40) (32) were purchased. The cells were cultured with Dulbecco's modified Eagle's medium plus 10% fetal calf serum, which were incubated in a 95% air/5% CO 2 atmosphere with a humidity of 37%. The cells were routinely passaged every week upon reaching confluency, and the medium was renewed every. The cells were grown at 1x10 5 cells per well in 10 cm dishes in 10 ml complete medium until ~80% confluency was reached. At this stage, the medium was discarded and replaced with 10 ml control medium, and 40 ng/ml recombinant human basic fibroblast growth factor (bFGF) (R&D Systems, cat. no. 233-FB) was added. The medium was removed 15 min after the treatment, the cells were washed twice with cold phosphate-buffered saline (pH 7.4; Invitrogen), and the monolayer was scraped into 200 μl of lysis buffer (mammalian cell lysis-1 kit, Sigma).
Western blot analysis. The total cell lysates were centrifuged at 10,000 x g for 10 min, and the supernatant was analyzed by Western blotting. Equal amounts of protein (30 μg) were separated by 10% SDS-polyacrylamide gel electrophoresis. Immunoblots were probed with primary antibodies against p27(KIP1) (dilution 1:1000; Transduction Laboratories), s10-phospho-p27 (1:1000; Santa Cruz Biotechnology), and ·-tubulin (1:3000; Lab Vision, Fremont, CA), and then with secondary antibodies at 4˚C overnight. Immunoreactive bands were visualized using an enhanced chemiluminescence system (ECL detection system; Amersham Pharmacia Biotech, Buckinghamshire, UK).
Results
In the untreated lens, p27(KIP1) was not phosphorylated in the lens epithelial cells (Fig. 1a and b) , although p27(KIP1)-positive nuclei were detected in the lens cells of the equatorial region (Fig. 1c) . In contrast, CDK inhibitors, p15, p16 and p21WAF1, were not expressed in the lens epithelial nuclei (data not shown). Therefore, we focused on the phosphorylation of p27(KIP1) in the lens cells after fiber cell extraction. Nuclear immunoreactivity for s10-phospho-p27 was observed in several lens cells of the equatorial region 15 min after extraction of fiber cells (Fig. 2a and b) . p27(KIP1)-positive nuclei were also detected in the lens cells after the extraction (Fig. 2c) . We have already demonstrated that nuclear immunoreactivity for pERK 1/2 was detected in the equatorial region 15 min after lens extraction (23) . In this study, phosphorylation of p27(KIP1) on serine 10 was completely inhibited in the lens cells after the extraction with PD98059 treatment (Fig. 2d) . Moreover, s10-phospho-p27 or p27(KIP1) immunoreactivity was not detected in the lens cells 24 h after the extraction of fiber cells without the treatment (data not shown). We examined 10 animals 15 min and 24 h after the extraction and observed these changes reproducibly.
It is reported that bFGF plays a role in PCO formation by promoting the survival of abnormal cells with PCO-like characteristics (33) . In order to elucidate the phosphorylation of p27(KIP1) in lens cells after fiber cell extraction, cultured human lens epithelial cells were treated with human recombinant bFGF and were examined using Western blot analysis. The p27(KIP1) phosphorylation form was upregulated in lens cells 15 min after treatment with 40 ng/ml bFGF (Fig. 3, upper lane) . In contrast, alteration of protein levels of whole p27(KIP1) (Fig. 3 , middle lane) and ·-tubulin (Fig. 3 , lower lane) were not apparent.
Cyclin D1 was expressed in a few lens epithelial cells of the equatorial region (Fig. 4a ) in untreated mice, as well as 15 min after fiber cell extraction, whereas immunoreactivity for cyclin E was not detected in lens cells (data not shown). In contrast, many cyclin D1-positive nuclei were noted in the lens cells 24 h after fiber cell extraction (Fig. 4b) . Furthermore, the expression was completely blocked by using PD98059 (Fig. 4c) .
Discussion
Degradation of p27(KIP1) is required for the cellular transition from quiescence to the proliferative state (6, 7, 24, 34) . In this study, we demonstrated that p27(KIP1)-positive nuclei were detected in lens epithelial cells without extraction and 15 min after the extraction of fiber cells. In contrast, expression of p27(KIP1) was not observed 24 h after the extraction. Lens cells in the equatorial region have been suggested to show the cellular transition from quiescence to the proliferative state by disappearance of p27(KIP1) after the extraction of fiber cells (6,7,24,34) . It has been reported that phosphorylation of p27(KIP1) on serine 10 induces p27(KIP1) degradation (27) . In this study, p27(KIP1) was phosphorylated on serine 10 in lens epithelial cells of the equatorial region 15 min after the extraction of fiber cells. Immunoreactivity for serine 10-phosphorylated p27(KIP1) in the lens cells disappeared 24 h after the extraction, when p27(KIP1)-positive nuclei were not observed. This phosphorylation event is involved in the disappearance of p27(KIP1) in lens cells, as reported in choroidal melanoma cells (29) .
bFGF is a pleiotropic protein, and it promotes proliferation and migration of lens epithelial cells, as well as differentiation into fiber cells (35) . Therefore, FGF plays a role in PCO formation by promoting the survival of abnormal cells with PCO-like characteristics (33) . In this study, we also demonstrated that phosphorylation of p27(KIP1), but not of whole p27(KIP1), was upregulated in cultured human lens epithelial cells 15 min after treatment with bFGF. These data suggest that p27(KIP1) phosphorylation is correlated with an early event of pathogenesis in PCO in vivo and in vitro.
Phosphorylation of p27(KIP1) on serine 10 can be regulated through pERK 1/2 (17, 28, 29) . We recently demonstrated that p27(KIP1) disappeared and the proliferation activity was induced in the lens cells after fiber cell extraction, which was inhibited by PD98059 (23) , suggesting that a phosphorylation event might be involved by pERK in the degradation of p27(KIP1). In this study, immunoreactivity for s10-phospho-p27 was completely inhibited in the lens cells after the extraction with PD98059 treatment. Collectively, it is possible that phosphorylation of p27(KIP1) is regulated by the ERK pathway.
ERK functions as an upstream activator of transcription from the cyclin D1 promoter (36) , and the expression of cyclin D1 is involved in the cellular transition from quiescence to the proliferative state (5). We confirmed that cyclin D1 was hardly detected in the normal adult lens, and that it was induced in the lens cells 24 h after fiber cell extraction. This induction was inhibited by treatment of the mice with PD98059 (Fig. 4) . These findings indicate that ERK plays an important role in the regulation of cyclin D1 expression as well as p27(KIP1) phosphorylation in lens epithelial cells after extraction of fiber cells.
Opacification of the posterior capsule is also called 'after cataract' and depends on the replication of residual epithelial cells lining the capsule (3). Today, ophthalmologists routinely perform a laser capsulotomy to treat postoperative capsular opacification. Although the technique is widely accepted, it sometimes causes complications such as damage to the intraocular lens (IOL), cystoid macular edema, elevated intraocular pressure, or IOL dislocation. Thus, preventing opacification would be a better, less expensive and safer treatment for cataracts. Targeting such early signaling and transcriptional events with pharmaceutical intervention after extraction of fiber cells in humans may help to reduce downstream cellular effects such as proliferation after surgical correction. Identification of the mechanism that regulates the protein levels of p27(KIP1) and its phosphorylation should prove valuable in delineating the molecular pathways underlying posterior capsular opacity, which involves the proliferation of lens epithelial cells (3).
